This effort required that we first complete the sequencing of the chimpanzee MSY^[@R9]-[@R11]^ using large-insert bacterial artificial chromosome (BAC) clones and the iterative mapping and sequencing strategy used to comprehensively sequence the human MSY^[@R12],[@R13]^ ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"} and [Supplementary Note 1](#SD1){ref-type="supplementary-material"}). This protracted approach is essential because much of the MSY consists of lengthy, highly similar repeat units, or "amplicons," that cannot be distinguished by conventional mapping methods. BACs deriving from different copies of the same amplicon must be fully sequenced to identify subtle differences that distinguish one amplicon copy from another. These sequence variants are then used to sort other potentially overlapping BACs ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"} and [Supplementary File 1](#SD1){ref-type="supplementary-material"}). By iterating this process, we assembled and analyzed a tiling path of 219 BAC and 12 fosmid clones from the chimpanzee MSY ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). To avoid polymorphic differences between chimpanzee Y chromosomes that might confound identification of subtle sequence differences between amplicon copies^[@R12],[@R13]^, we intended to sequence the Y chromosome of one male chimpanzee. In fact, all but 17 of the 230 sequenced BAC or fosmid clones were derived from one male.

The resulting euchromatic sequence comprises 25.8 megabases (Mb) in eight contigs, the largest of which spans 10.1 Mb ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}, and [Supplementary File 2](#SD1){ref-type="supplementary-material"}). We ordered and oriented the contigs by metaphase fluorescence in situ hybridization (FISH) ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"} and [4](#SD1){ref-type="supplementary-material"}) and confirmed amplicon copy numbers by interphase FISH ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). To test the completeness of our effort, we also analyzed 14 Mb of shotgun sequencing reads from flow-sorted chimpanzee Y chromosomes. This independent sampling of the chromosome confirmed that our sequencing of the chimpanzee MSY was essentially complete ([Supplementary Note 2](#SD1){ref-type="supplementary-material"}). We estimate that the finished sequence has an error rate of about one nucleotide per Mb.

Our laboratories previously demonstrated that the human MSY euchromatin is largely comprised of two sequence classes: ampliconic and X-degenerate^[@R13]^. We find that the same two sequence classes dominate the chimpanzee MSY euchromatin ([Fig. 1A, B](#F1){ref-type="fig"}), and thus the same was likely true in the common ancestor. The ampliconic segments are composed of large, nearly identical repeat units, most often arrayed as palindromes, and they harbor multi-copy gene families expressed predominantly or exclusively in the testis^[@R13]^ ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"} and [7](#SD1){ref-type="supplementary-material"}). By contrast, the X-degenerate segments are dotted with single-copy homologs of X-linked genes. These single-copy MSY genes, most of which are expressed ubiquitously, are surviving relics of ancient autosomes from which the X and Y chromosomes evolved^[@R2]^. Together, the ampliconic and X-degenerate sequences comprise the bulk of the MSY euchromatin in both chimpanzee and human ([Fig. 1B](#F1){ref-type="fig"}). A third sequence class in the human MSY euchromatin -- the X-transposed sequences -- has no counterpart in the chimpanzee MSY. The presence of these sequences in the human MSY is the result of an X-to-Y transposition that occurred in the human lineage after its divergence from the chimpanzee lineage^[@R14]^.

Given that primate sex chromosomes are hundreds of millions of years old^[@R2]^, theories of decelerating decay would predict that the chimpanzee and human MSYs should have changed little since the separation of these two lineages just six million years ago. To test this prediction, we aligned and compared the nucleotide sequences of the chimpanzee and human MSYs ([Supplementary File 3](#SD1){ref-type="supplementary-material"}). As expected, we found that the degree of similarity between orthologous chimpanzee and human MSY sequences (98.3% nucleotide identity) differs only modestly from that reported when comparing the rest of the chimpanzee and human genomes (98.8%)^[@R15]^. Surprisingly, however, \> 30% of chimpanzee MSY sequence has no homologous, alignable counterpart in the human MSY, and vice versa ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"} and [Supplementary Note 3](#SD1){ref-type="supplementary-material"}). In this respect the MSY differs radically from the remainder of the genome, where \< 2% of chimpanzee euchromatic sequence lacks an homologous, alignable counterpart in humans, and vice versa^[@R15]^. We conclude that, since the separation of the chimpanzee and human lineages, sequence gain and loss have been far more concentrated in the MSY than in the balance of the genome. Moreover, the MSY sequences retained in both lineages have been extraordinarily subject to rearrangement: whole-chromosome dot-plot comparison of chimpanzee and human MSYs reveals dramatic differences in gross structure ([Fig. 2](#F2){ref-type="fig"} and [Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}), which contrasts starkly with chromosome 21, the only other chromosome comprehensively mapped and sequenced in both species^[@R16]^. Contrary to the decelerating decay theory, the chimpanzee and human MSYs differ dramatically in sequence structure.

Have these evolutionary changes involved the ampliconic and X-degenerate regions in equal measure? Previous models of Y-chromosome evolution treated the chromosome as a uniform, homogeneous substrate for evolutionary change^[@R1],[@R3],[@R4],[@R17]^. In fact, the evolution of ampliconic sequences has outpaced that of X-degenerate sequences, and to such a degree that the ampliconic architecture of the common ancestor's MSY may be difficult to reconstruct even after an outgroup MSY has been sequenced. Comparing the chimpanzee and human MSY sequences, we find that the average length of uninterrupted alignable segments in the ampliconic regions is only one third that in X-degenerate regions: 0.5 Mb vs. 1.5 Mb ([Supplementary Fig. 10](#SD1){ref-type="supplementary-material"} and [Supplementary Note 3](#SD1){ref-type="supplementary-material"}). This reflects extensive rearrangement ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"} and [9](#SD1){ref-type="supplementary-material"}) and rampant sequence gain and loss in the ampliconic regions. About half of the chimpanzee ampliconic sequence has no homologous, alignable counterpart in the human MSY, and vice versa, compared to \< 10% of the X-degenerate sequence ([Fig. 1C](#F1){ref-type="fig"}).

What molecular mechanisms enabled this wholesale remodeling of ampliconic regions? Although the chimpanzee and human MSYs do not normally participate in meiotic exchange with a partner chromosome, the mirroring of sequences in the ampliconic regions provides ample opportunity for ectopic homologous recombination within the MSY. This recombinational proclivity is well documented in the human MSY, where it has repeatedly given rise to large-scale structural polymorphisms during the past 100,000 years of human history^[@R18]^ as well as to Y-chromosomal anomalies that cause spermatogenic failure and sex reversal in current generations^[@R12],[@R19]-[@R21]^. We suggest that ectopic homologous recombination between MSY amplicons has similarly accelerated structural remodeling of the MSY in the chimpanzee and human lineages during the past 6 million years.

The chimpanzee ampliconic regions are particularly massive (44% larger than in human; [Fig. 1B](#F1){ref-type="fig"}) and architecturally ornate, with 19 palindromes (compared to eight in human) and elaborate mirroring of nucleotide sequences between the short and long arms of the chromosome, a feature not found in the human MSY ([Fig. 3](#F3){ref-type="fig"}, [Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}). Of the 19 chimpanzee palindromes, only seven are also found in the human MSY; the other 12 are chimpanzee-specific. Unlike the human MSY, nearly all of the chimpanzee MSY palindromes exist in multiple copies ([Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}), so that each palindrome arm has potential partners for both intra-palindrome and inter-palindrome gene conversion (non-reciprocal transfer)^[@R22]^. This may help explain why arm-to-arm nucleotide sequence divergence in some chimpanzee MSY palindromes (as much as 0.5%; [Supplementary Fig. 12](#SD1){ref-type="supplementary-material"} and [13](#SD1){ref-type="supplementary-material"}) is more pronounced than in human MSY palindromes (\< 0.06%)^[@R13]^.

Gene conversion may also account for the relatively low density of retrotransposable elements in ampliconic regions. In the chimpanzee and human MSYs, retrotransposon content is markedly lower in ampliconic than in X-degenerate regions -- 41% vs. 63% in both species (p \< 0.000001, Z test; [Supplementary Fig 1I](#SD1){ref-type="supplementary-material"} and [Supplementary Table 2](#SD1){ref-type="supplementary-material"}). While it is possible that retrotransposons preferentially integrate in X-degenerate sequences, this seems unlikely given the similarity in C+G content and gene density in ampliconic and X-degenerate regions ([Supplementary Table 2](#SD1){ref-type="supplementary-material"} and [Supplementary Fig. 1H](#SD1){ref-type="supplementary-material"}). An alternative explanation is that gene conversion between amplicon copies removes retrotransposons, especially recently integrated ones. Tellingly, an endogenous retrovirus that colonized the chimpanzee genome after the chimpanzee-human split^[@R23]^ is present in 23 copies in the chimpanzee MSY, but only two of these copies are located in ampliconic regions (14.7 Mb) while 21 copies are located in X-degenerate regions (8.6 Mb; p \< 0.000001, chi-square test; [Supplementary Fig. 14](#SD1){ref-type="supplementary-material"}). These findings offer counterpoint to models of unchecked retrotransposon integration as a driving force in Y-chromosome evolution^[@R17],[@R24]^.

Despite the chimpanzee MSY's elaborate structure, its gene repertoire is considerably smaller and simpler than that of the human MSY ([Table 1](#T1){ref-type="table"}) as a result of gene loss in the chimpanzee lineage and gene acquisition in the human lineage. For example, we previously discovered that the chimpanzee X-degenerate regions had lost four of 16 genes through inactivating mutations, while the human X-degenerate regions had not lost any genes since the time of the last common ancestor^[@R9]^. We also reported that two X-transposed genes in the human MSY had been acquired since the time of the last common ancestor^[@R13]^.

To investigate whether the gene content of the ampliconic regions differs in chimpanzee and human, we searched the chimpanzee MSY sequence for homologs of all known human ampliconic genes, and we assessed their open reading frames, splice sites, and transcriptional activity electronically and experimentally ([Supplementary Tables 3](#SD1){ref-type="supplementary-material"}-[5](#SD1){ref-type="supplementary-material"} and [Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). In addition, we searched for novel chimpanzee ampliconic genes using a combination of electronic prediction and shotgun sequencing (\>38 Mb total) of chimpanzee testis cDNA. We found no novel chimpanzee ampliconic genes. We did discover that, within the ampliconic regions, three of nine multi-copy, testis-expressed gene families present in human have been mutationally disabled or are simply absent in chimpanzee ([Table 1](#T1){ref-type="table"}). For example, the chimpanzee MSY contains five loci homologous to the human *XKRY* gene family, but all five copies share a frameshift mutation that severely truncates the open reading frame and predicted protein ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}). We confirmed the presence of this disabling mutation in five additional chimpanzees and two bonobos, close relatives of common chimpanzees (data not shown). Similarly, the *HSFY* and *PRY* gene families are well represented in the human MSY but absent from the chimpanzee MSY. While it is unclear whether the *PRY* family was gained in the human lineage or lost in the chimpanzee lineage, the presence of *HSFY* in the cat^[@R25]^, rhesus macaque and bull MSYs (H.S., personal communication) leads us to conclude that this gene family was deleted outright in the chimpanzee lineage.

In aggregate, the consequence of gene loss and gain in, respectively, the chimpanzee and human lineages is that the chimpanzee MSY contains only two thirds as many distinct genes or gene families as the human MSY, and only half as many protein-coding transcription units ([Table 1](#T1){ref-type="table"}). By contrast, in the remainder of the genome, comparison of chimpanzee draft sequence with human reference sequence suggests that the gene content of the two species differs by \< 1% ([@R15]). Indeed, at six million years of separation, the difference in MSY gene content in chimpanzee and human is more comparable to the difference in autosomal gene content in chicken and human, at 310 million years of separation^[@R26]^.

We have conducted the first comprehensive comparison of Y chromosomes from two species, providing empirical insight into Y-chromosome evolution and a test of decelerating-decay theories. These theories elegantly account for the degeneration observed in neo-Y chromosomes recently evolved from autosomes^[@R3]-[@R8]^. However, they did not predict and cannot account for the rapid divergence of the older, highly evolved chimpanzee and human MSYs described here. Instead, remodelling and regeneration have dominated chimpanzee and human MSY evolution during the past six million years. We suggest that this renovation, involving both architecture and genetic repertoire, was propelled by a combination of factors acting in synergy. Three of these factors distinguished the evolving hominid MSY from the bulk of the genome: 1) the highly disproportionate role of MSY genes -- especially ampliconic gene families -- in sperm production^[@R13]^, 2) the brisk kinetics of ectopic recombination and resultant structural change in ampliconic regions^[@R18]^, and 3) the absence of crossing over with a homolog, which creates the opportunity for a single advantageous mutation to dictate the MSY's evolutionary fate ("genetic hitchhiking")^[@R1],[@R3]^. The evolutionary impact of these three MSY features was likely multiplied by sperm competition, especially in the lineage of the modern chimpanzee, where multiple males mate with the same female at each oestrus^[@R27]^. This heightened sperm competition in the chimpanzee lineage, along with positive selection and hitchhiking effects, may account for greater MSY sequence amplification than in the human MSY and extensive gene loss compared with little or none in the human MSY. In the future, complete Y chromosome sequences from additional species will shed further light on these hypotheses.

Methods {#S1}
=======

BAC selection and sequencing {#S2}
----------------------------

The iterative mapping and sequencing strategy^[@R12]^ was employed to assemble a path of sequenced clones selected from the CHORI-251 and RPCI-43 BAC libraries and the CHORI-1251 fosmid library ([bacpac.chori.org](http://bacpac.chori.org)). The rate of error in the finished sequence was estimated by counting mismatches in overlapping clones.

454 sequencing of flow-sorted Y chromosomes and testis cDNA {#S3}
-----------------------------------------------------------

Chromosomes were harvested from a lymphoblastoid cell line (Coriell repository number S00600, derived from the same chimpanzee used to construct the CHORI-251 BAC and CHORI-1251 fosmid libraries), prepared as described^[@R28]^, and sorted to enrich for Y chromosomes using an Influx cell sorter. The resulting Y-enriched DNA sample was amplified using the GenomiPhi amplification kit (GE Healthcare) to obtain enough template (\>1 ug) for 454 sequencing on a GS20 machine. Chimpanzee testis cDNA was generated from total RNA isolated using the RNeasy kit (Qiagen). The cDNA was normalized using the Trimmer kit (Evrogen) and sequenced on a GS20 (454) machine.

FISH analysis {#S4}
-------------

All assays were performed on the chimpanzee lymphoblastoid cell line S00600. Interphase FISH analysis was performed as previously described^[@R29]^. For each probe set, 200 nuclei were scored. Extended metaphase FISH was performed as previously described^[@R30]^.

Sequence analysis, dot plots, and alignments {#S5}
--------------------------------------------

Chimpanzee and human gene sequences were aligned using CLUSTAL W with default parameters ([www.clustal.org](http://www.clustal.org)). The search for novel chimpanzee Y-chromosome genes was performed using GenomeScan ([genes.mit.edu/genomescan.html](http://genes.mit.edu/genomescan.html)). Square dot plot and triangular dot plot analyses were performed using custom Perl codes that are available at, respectively, [jura.wi.mit.edu/page/papers/Hughes_et_all_2005/tables/dot_plot.pl](http://jura.wi.mit.edu/page/papers/Hughes_et_all_2005/tables/dot_plot.pl) and [jura.wi.mit.edu/page/Y/azfc/self_dot_plot.pl](http://jura.wi.mit.edu/page/Y/azfc/self_dot_plot.pl).

RT-PCR {#S6}
------

Total RNAs were isolated from male chimpanzee male tissues (testis, liver, lung, and spleen; Yerkes National Primate Research Center) using the RNeasy kit (Qiagen). RT-PCR primer sequences and product sizes are listed in [Supplementary Table 5](#SD1){ref-type="supplementary-material"}.
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![Comparison of chimpanzee and human Y chromosomes. (a) Schematic representations of chromosomes. Yp, short arm. cen, centromere. Yq, long arm. For both chromosomes, male-specific region (MSY) is indicated. Six sequence classes are shown, four of which are MSY euchromatin. ("Other" denotes MSY single-copy sequences that are not X-degenerate or X-transposed.) Chromosomes drawn to scale with exception of large heterochromatic block on human Yq. (b) Sizes (in Mb) of four MSY euchromatin sequence classes in chimpanzee and human. (c) Percentages of ampliconic and X-degenerate sequences present on chimpanzee Y chromosome that are also present on human Y chromosome, and vice versa.](nihms-165698-f0001){#F1}

![Dot plots of DNA sequence identity between chimpanzee and human Y chromosomes (at left) and chromosomes 21 (at right). Each dot represents 100% chimpanzee-human identity within a 200-bp window. In the Y-chromosome plot, the human chromosome is oriented with short arm to top and long arm to bottom, and the chimpanzee chromosome is oriented with short arm to left and long arm to right. For chromosome 21, which is acrocentric, the plot represents only the long arm.](nihms-165698-f0002){#F2}

![Triangular dot plots of DNA sequence identities within euchromatic MSY of chimpanzee (top) and human (bottom). Each dot represents 100% intrachromosomal identity within a 200-bp window. Red dots represent matches between heterochromatic sequences. Direct repeats appear as horizontal lines, inverted repeats as vertical lines, and palindromes as vertical lines that nearly intersect the baseline. Insets indicate that each large triangular plot contains two smaller triangles (one revealing sequence identities within Yp and one revealing identities within Yq) and a rectangle (revealing sequence identities between Yp and Yq). Immediately below plots are schematic representations of chromosomes. Triangles below chromosome schematics denote sizes and locations of palindromes. Gaps between opposed triangles represent the non-duplicated spacers between palindrome arms.](nihms-165698-f0003){#F3}
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Comparison of numbers of X-degenerate genes and ampliconic gene families in chimpanzee and human Y chromosomes

                                             Numbers of intact copies   Difference   
  ----------------------------- ------------ -------------------------- ------------ -----------
  X-degenerate                  *AMELY*      1                          1            \-
                                *CYorf15A*   1                          1            \-
                                *CYorf15B*   1                          \-           1
                                *DDX3Y*      1                          1            \-
                                *EIF1AY*     1                          1            \-
                                *KDM5D*      1                          1            \-
                                *NLGN4Y*     1                          1            \-
                                *PRKY*       1                          1            \-
                                *RPS4Y1*     1                          1            \-
                                *RPS4Y2*     1                          1            \-
                                *SRY*        1                          1            \-
                                *TBL1Y*      1                          \-           1
                                *TMSB4Y*     1                          \-           1
                                *USP9Y*      1                          \-           1
                                *UTY*        1                          1            \-
                                *ZFY*        1                          1            \-
                                **Total**    **16**                     **12**       **4**
  Ampliconic                    *BPY2*       3                          2            1
                                *CDY*        4                          5            -1
                                *DAZ*        4                          4            \-
                                *HSFY*       2                          \-           2
                                *PRY*        2                          \-           2
                                *RBMY*       6                          6            \-
                                *TSPY*       \~35                       6            29
                                *VCY*        2                          2            \-
                                *XKRY*       2                          \-           2
                                **Total**    **60**                     **25**       **35**
  X-transposed                  *TGIF2LY*    1                          \-           1
                                *PCDH11Y*    1                          \-           1
                                                                                     
    Grand total (genes)                      78                         37           41
                                                                                     **(53%)**
  Grand total (gene families)                27                         18           7
                                                                                     **(33%)**
